To understand the physical processes that occur in nature we need to obtain a solid concept about the 'fundamental' forces acting between pairs of elementary particles. It is also necessary to describe the temporal and spatial evolution of many mutually interacting particles under the influence of these forces. This latter step, known as the few-body problem, remains an important unsolved problem in physics. Experiments involving atomic collisions represent a useful testing ground for studying the fewbody problem. For the single ionization of a helium atom by charged particle impact, kinematically complete experiments have been performed [1] [2] [3] [4] [5] [6] since 1969 (ref. 7) . The theoretical analysis of such experiments was thought to yield a complete picture of the basic features of the collision process, at least for large collision energies [8] [9] [10] [11] [12] [13] [14] . These conclusions are, however, almost exclusively based on studies of restricted electron-emission geometries [1] [2] [3] . Here, we report three-dimensional images of the complete electron emission pattern for the single ionization of helium by the impact of C 61 ions of energy 100 MeV per a.m.u. (a four-body system) and observe features that have not been predicted by any published theoretical model. We propose a higherorder ionization mechanism, involving the interaction between the projectile and the target nucleus, to explain these features.
The experimental set-up 15 is shown schematically in Fig. 1 . C 6þ projectiles of 100 MeV per a.m.u. collided with cold (,1K) He gas target atoms from a supersonic jet. The recoiling target ions and the ionized electrons were extracted by a weak electric field and detected by two-dimensional position-sensitive channel plate detectors. A uniform magnetic field of 12 G (1 G ¼ 10 24 T) parallel to the electric field forced the electrons into cyclotron motion (green spiral line). It thereby confined their motion in the plane perpendicular to the extraction field (transverse plane), so that all electrons with a transverse momentum of less than 2 atomic units (a.u.) hit the detector. Both particles were measured in coincidence with the projectiles, which did not change charge state. The momentum components of the recoil ion and the electron in the direction of the extraction field (longitudinal components) were determined from the time of flight of each particle from the collision region to the respective detector. The transverse momenta were obtained from the position information provided by the detectors for a fixed time of flight.
In Fig. 2a the measured three-dimensional fully differential crosssections (FDCS) are shown as a function of the azimuthal (J e ) and polar (v e ) electron angles. Although the data are only shown for a momentum transfer (defined as the difference between the initial and scattered projectile momentum) of q ¼ 0.75 a.u. and an ionized electron energy E e ¼ 6.5 eV, all other final electron energies E e , 50 eV and a large fraction of all possible momentum transfers are recorded simultaneously but not discussed in this letter. The initial projectile direction is along the z axis and q is pointing nearly in the x direction. J e is measured in the x-y plane relative to the x axis, that is J e ¼ 08 and 1808 correspond to the scattering plane (the plane spanned by the initial projectile momentum and the momentum transfer vectors). v e is the angle of the electron momentum vector relative to the z axis.
The characteristic double-lobe structure with peaks at (v e ¼ 908, J e ¼ 08) and (v e ¼ 908, J e ¼ 1808) well-known from high-energy electron-impact studies in the scattering plane 1-3 is clearly observable. The (v e ¼ 908, J e ¼ 08) maximum (called the binary peak), which occurs in the direction of q, is relatively easy to understand. It is due to collisions which are dominated by a binary interaction between the projectile and the electron, that is, the recoil ion remains essentially passive. Momentum conservation then demands that the electron be emitted approximately in the direction of q. The (v e ¼ 908, J e ¼ 1808) lobe (called the recoil peak), has been interpreted as a double scattering process 16 : the electron, initially emitted approximately in the direction of q, on its path out of the atom elastically backscatters from the recoil ion, which picks up most of the momentum transferred from the projectile.
We expect the ionization cross-sections at the small perturbations Z p /v p (where Z p and v p are the atomic number and the velocity of the projectile) studied in this work to be essentially identical for electron and ion impact. Furthermore, the results of various theoretical approaches converge with each other with decreasing perturbation. For our collision system, it is therefore not critical which model is used for comparison with the data in order to identify potential deviations from our current understanding. We chose a continuum distorted wave approach with Hartree-Fock wavefunctions for the active electron (CDW-HF), because it is the most powerful model currently available for ion impact ionization. Figure 2b shows our theoretical FDCS for the same conditions as the experimental data. This CDW-HF calculation is based on refs 10 Figure 1 Schematic experimental set-up for three-dimensional imaging of atomic processes. The projectile-ion beam (purple arrow) is crossed with an atomic He beam from a supersonic gas jet (black arrow). The ionized electrons and the recoiling target ions are extracted by a weak electric field (blue arrow) and detected by two-dimensional position-sensitive detectors. A pair of Helmholtz coils generates a uniform magnetic field (B-field, yellow arrow) which forces the electrons into cyclotron trajectories (green spiral line) and guides them onto the detector. Two electronic clocks are used to measure the time of flight of the electrons and the recoil ions from the collision region to the respective detector. and 11. In our model 12, 13 , the initial state of the collision is represented by a plane wave for the projectile and a Hartree-Fock wavefunction for the He ground state of the electrons. The final state is given by a product of three terms-one for each two-particle subsystem of the final three-particle state. A Coulomb wave is used for the projectile-recoil ion subsystem (that is, a C 6þ ion in the field of a He þ ion) and a Coulomb interaction is used for the projectileelectron subsystem. A numerical solution of the Schrödinger equation for an electron in the field of a He þ ion represented by a static Hartree-Fock potential is employed for the electron-recoil ion subsystem. Although this model represents a state-of-the-art calculation for single ionization by ion impact, significant qualitative differences to the experimental data are apparent. In particular, the calculation is nearly cylindrically symmetric about the x axis (momentum transfer direction) while the data are much broader in the x-y plane than in the x-z plane.
If the ionization process is dominated by a single projectile-target interaction, the symmetry properties of the initial 1s 2 1 S state lead to cylindrical symmetry about q in the FDCS. Any deviation from that symmetry is due to higher-order contributions in the interaction between the projectile and the target. The fact that our calculation is nearly cylindrically symmetric shows that in our model, higher-order processes are insignificant. In contrast, the pronounced deviation in the experimental data from the symmetry, indicates that higher-order contributions are important.
To study the discrepancies between the data and the calculation in more detail, we show in Fig. 3 the experimental (solid symbols) and theoretical (solid curves) FDCS for two different cuts through the three-dimensional emission patterns of Fig. 2 . The first cut selects the scattering plane (blue line in Fig. 2 ) and the second cut the plane perpendicular to q (red line in Fig. 2 ). For each selected plane, the FDCS are plotted as a function of the electron emission angle v e measured relative to the initial projectile momentum p o . For the scattering plane, v e ¼ 908 corresponds to the direction of q and v e ¼ 2708 to 2q (note that here v e is a plane polar coordinate as opposed to the spherical polar angle used in Fig. 2 ).
In the scattering plane, the calculation is in good agreement with the data except for some quantitative differences in the recoil peak. It should be noted that both the data and the calculation are absolute, that is, there is no adjustment in the absolute magnitude. Such a good reproduction of the data by theory in the scattering plane is quite typical for single ionization of He by high-energy electron impact even when compared to less sophisticated models such as the first Born approximation 17 . In that sense, our results are consistent with high-energy electron-impact data. In the perpendicular plane, in contrast, large discrepancies between experiment and theory are obvious. Here, the theory is essentially isotropic and does not show the peak structures perpendicular to the beam direction, which are still fairly pronounced in the data. Such an isotropic emission pattern for the perpendicular plane is again characteristic of a first-order ionization process. Therefore, the structures observed in the data further support our conclusion above concerning the strong contributions from higher-order processes.
A possible explanation for the discrepancies between our experimental and theoretical results is contained in the perpendicular plane FDCS measured for 2 MeV per a.m.u. C 6þ þ He collisions. These cross-sections are shown in Fig. 4 for q ¼ 0.7 a.u. and E e ¼ 4 eV (open symbols) and for q ¼ 1.5 a.u. and E e ¼ 1 eV (solid symbols). In the first case, the maxima near 908 and 2708 observed for the larger projectile energy are completely absent. In the second case, the electron momentum (0.27 a.u.) is very small compared with q so that here the momentum exchange in the collision occurs predominantly between the projectile and the recoil ion. Under these conditions we observe maxima near 908 and 2708, as we do for the large projectile energy.
Comparison of the data in Fig. 4 provides a strong indication that the peak structures perpendicular to the projectile beam observed in the perpendicular plane are due to a higher-order process involving the projectile-target nucleus interaction. We propose the following two-step mechanism to explain the data; in the first step, the electron is ejected owing to a binary projectile-electron interaction approximately in the direction of the momentum q 0 transferred in this initial interaction. The projectile then elastically scatters from the target nucleus. In this second step, an additional momentum q 00 is transferred, which may be pointing out of the initial scattering plane (p o , q 0 ). The total momentum transfer q ¼ q 0 þ q 00 measured in the experiment is then rotated about the projectile beam axis Figure 3 Triply differential single ionization cross-sections for selected electron emission planes. Experimental (solid circles) and theoretical (solid curves) results are shown for the scattering plane (a, blue line in Fig. 2 ) and for the perpendicular plane (b, red line in Fig. 2) . Orientation in Figs 3 and 4 is given in degrees. relative to q 0 . If this rotation, which does not affect the direction of the electron momentum, is 908, the electron ends up in the perpendicular plane (p o , q 0 ) which started off as the scattering plane after the initial projectile-electron interaction. Because the electron does not take part in the second step, its polar angular distribution remains unchanged leading to a peak at the same angle as in the scattering plane.
This mechanism has an important impact on basic features characteristic to ionization which were previously thought to be understood. What appears to be a recoil peak in the scattering plane emerges as a 'recoil ring' in the measured three-dimensional electron emission pattern, which is nearly isotropic with respect to rotation about the projectile beam axis. This behaviour, not reproduced by theory, can also be explained qualitatively by the mechanism suggested above: if the projectile-target nucleus interaction leads to a rotation of q about the projectile beam axis by 1808 then the ionized electron is emitted in the direction of 2q (that is, it looks like a 'recoil peak electron'), although it was not backscattered by the target nucleus. This could be an important contributor to the recoil peak, which so far has not been discussed in the literature. Such contributions would also explain small but systematic underestimations of the height of the recoil peak by theory both for electron and ion impact 1, 13, 17 . Of course, the projectile-target nucleus interaction can lead to any rotation of q between 08 and 1808 thus giving rise to the observed ring shape.
This process represents a potentially important few-body effect involving all collision products. In principle, it is contained in the final state wavefunction in our calculation. Furthermore, we note that, for the sake of a graphic explanation, our description of this mechanism represents a simplification. The CDW-HF model treats this process more realistically in that here the projectile-electron and projectile-target nucleus interactions do not occur sequentially, but instead simultaneously. However, the final state wavefunction is only asymptotically exact when at least one of the collision products is at a large distance from the other two particles. Its accuracy is not known when all particles are close together. But this process is expected to be important exactly when all collision products are still close together and may therefore be significantly underestimated by the calculation.
Very recently, in a promising theoretical development, the CDWapproach has been generalized to include non-zero magnetic substates in the final state wavefunction 14 . Such sub-states would be expected to contribute to the cross-sections out of the scattering plane and therefore offer an alternative or complementary explanation to the one proposed above. However, numeric calculations on fully differential cross-sections with this method are not yet available.
Existing theoretical approaches should be tested relative to their capability of reproducing measured three-dimensional electron emission patterns. Such tests may reveal that qualitatively new theoretical concepts need to be developed in order to achieve a better understanding of ionization processes even at large projectile energies. The data presented here represent experimental progress for such efforts. Obtaining a satisfactory description of atomic fewbody processes, in turn, is an important step towards a better understanding of the general few-body problem.
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